The microwave plasma enhanced chemical vapor deposition (MPECVD) method is now commonly used for directional and conformal growth of carbon nanotubes (CNTs) on supporting substrates. One of the shortcomings of the current process is the lack of control of the diameter and diameter distribution of the CNTs due to difficulties in synthesizing well-dispersed catalysts. Recently, block copolymer derived catalysts have been developed which offer the potential of fine control of both the size of and the spacing between the metal clusters. In this paper we report the successful growth of CNTs with narrow diameter distribution using polystyrene-block-polyferrocenylethylmethylsilane (PS-b-PFEMS) as the catalyst precursor. The study shows that higher growth pressure leads to better CNT growth. Besides the pressure, the effects on the growth of CNTs of the growth parameters, such as temperature and precursor gas ratio, are also studied.
Introduction
Carbon nanotubes (CNTs) possess many unique properties that are interesting for fundamental studies and are attractive for technological applications [1, 2] . They are currently being evaluated for a wide range of applications, including field emission display [3] , x-ray generation [4, 5] , transparent conductor [6, 7] , and functional composite [8] .
As a new class of engineering material, CNTs offer the promise of tunable properties that can be varied without changing the chemical composition, but at the same time face they considerable manufacturing challenges. In order to investigate their intrinsic properties and to realize their promises for 5 Author to whom any correspondence should be addressed. practical applications, it is critical to develop processes that can yield CNTs with homogeneous and predetermined structure and morphology. For example, vertically aligned CNTs are important for cold cathode displays. Although progress has been made towards this goal [9, 10] , many of the basic structural parameters of the CNTs still cannot be rationally controlled via synthesis due to the lack of a detailed understanding of the growth process and limited means for preparing mono-dispersed catalysts.
Ferrocenylsilane-based block copolymers which can be self-assembled into well-controlled discrete morphologies [11] have recently been explored for synthesizing CNTs using thermal chemical vapor depositions [12] [13] [14] . In this system, the size and spacing between the iron clusters can in principle be adjusted by the block lengths. A recent study using the thermal chemical vapor deposition (CVD) process has successfully shown patterned growth of 0.7 nm diameter single-walled carbon nanotubes [12] . The purpose of this study is to investigate the feasibility of growing vertically aligned CNTs with predetermined diameter using this new catalyst system by the plasma enhanced chemical vapor deposition (PECVD) process, which is often used for directional and conformal growth of CNTs on supporting substrates [15, 16] . In this process transition metal islands formed by annealing a thin film deposited on the substrate surface are typically employed as the catalysts from which the CNTs nucleate, which do not afford control of either the density or diameter of the CNTs.
Experimental details

Catalyst preparations
In this work, the diblock copolymer amorphous polystyreneblock-polyferrocenylethylmethylsilane (PS-b-PFEMS) was used as the catalyst precursor. Figure 1 shows the molecular formula. With a volume fraction of PFEMS of 33%, the number of repeating units of PS and PFEMS is 402 and 98 respectively. The catalyst and toluene solution were spin-coated onto the surface of a silicon wafer with a layer of 0.4 μm thick silicon dioxide to produce a well-dispersed uniformed thin film. Figure 2 is an atomic force microscope (AFM) image of the precursor catalyst layer taken with a DI-500 Digital Instrument atomic force microscope. The PFEMS domains, which are shown by dark regions, are embedded periodically in the PS matrix. The size of the PFEMS domains is about 23 nm, with a spacing of about 38 nm, based on 2D Fourier analysis. This gives the pitch of the PFEMS array as 50 nm. Before growth, the substrate was etched by O 2 plasma for 1 min in a reactive ion etching chamber to remove the organic components and leave the catalyst in the form of a separated cluster of Fe 2 O 3 mixed with silicon dioxide on the substrate. The pressure inside the chamber was 245 mTorr and the temperature was controlled to room temperature. Figure 3 is a scanning electron microscope (SEM) image of the substrate after O 2 plasma etching. The white dots are the clusters. The average diameter is estimated to be 5 nm from the micrograph, with a narrow range. 
MPECVD growth
In the MPECVD system, a microwave antenna is used to produce microwaves at the frequency of 2.45 GHz. The maximum power of the microwaves is 1.2 kW. Besides the microwave power, there is a separate heating system that can heat the substrate up to 900
• C independently. The temperature is monitored by a thermocouple attached to the back of the sample. There are three mass flow controllers to control the flow speed of three feeding gases independently.
The optimized conditions were obtained by a parameterized study, including temperature, pressure and gas ratio of C 2 H 2 over NH 3 . Generally, there were three steps in the CNT growth process, described as follows with optimized conditions. In step 1, the O 2 plasma etched substrate was transferred in air to the growth chamber. The chamber was pumped down to the base pressure of 1 × 10 −3 Torr. Then 10 sccm H 2 /190 sccm N 2 mixture gas was introduced. The chamber pressure was increased and kept at the desirable pressure. At the same time the substrate was heated to the desirable temperature using the substrate heater. When the desired pressure and temperature were achieved, the system was left at this status for several minutes to reduce the iron oxide to iron by H 2 . In step 2, microwaves with a power of 500 W were transmitted to the chamber. The mixture of H 2 and N 2 gas was stricken into plasma. Consequently, the mixture gas of H 2 and N 2 was stopped and NH 3 flowed in at a speed of 150 sccm. The NH 3 plasma was on for 2 min, to further reduce iron-containing nanoclusters to their metallic form. In step 3, the mixture gas of NH 3 at a rate of 150 sccm and C 2 H 2 at a desirable rate was added to the chamber. NH 3 provides a reducing environment to maintain the catalyst nanoclusters at their zero oxidation state [17] . C 2 H 2 is the carbon precursor for CNTs. The growth time is 3 min.
Results and discussion
The effect of growth temperature on growth of CNTs
For many temperature-sensitive substrates, it is meaningful to explore the effects of temperature on the growth of CNTs and furthermore to lower the threshold growth temperature of CNTs on those substrates. In this part of the experiment, the growth temperature was tuned from 885
• C, 825
• C, and 660
• C to 600
• C while the pressure was kept as 27 Torr; the flow rate of NH 3 was 150 sccm and the flow rate of C 2 H 2 was 50 sccm. Figures 4(a)-(d) are the SEM images of the CNTs grown at those temperature. From the images we can see the length of the nanotubes decreased from a few micrometers to 0.7 μm, and the density also decreased when temperature decreased. The decrease of the length and density of the nanotubes shows the low growth rate of the CNTs. The low growth rate may be due to the low decomposition rate of the C 2 H 2 and lower activity of the catalyst at low temperature.
Given the current resolution of SEM images, there is no change in the diameter of CNTs observed for the different growth temperatures. The result is different from the result presented in [18] showing the increase of the diameter of the CNTs when the temperature decreases and the result in [19, 20] showing the opposite outcome. The reason is because of the different catalysts utilized in the different methods. The size of the catalyst islands in this study is predefined and it remains constant in different temperature environments, which leads to the consistency in the diameter of the CNTs.
The effect of growth pressure on growth of CNTs
In this part of the experiment, the flow rate of NH 3 was 150 sccm, the flow rate of C 2 H 2 was 50 sccm and the growth temperature was 600
• C. Figures 5(a) -(c) are the SEM images of the as-grown CNTs for the growth pressure of 23, 27, and 30 Torr respectively. The images clearly show that the density and the average length of the CNTs increases with the increase of the precursor gas pressure when the pressure is in the range of 20-30 Torr. When the pressure is over 30 Torr, it is hard to ignite the plasma since the mean free path of electrons is too small; the plasma will not sustain.
The growth of CNTs in MPECVD is determined mainly by the rivalry of two processes: the deposition of carbon atoms onto the catalyst islands and the etching of the deposited carbon atoms by high speed bombarding ions from the plasma. A higher pressure means a larger amount of the precursor gases in unit volume, which leads to a higher supply of carbon atoms for the deposition. Consequently the speed of deposition is increased. On the other hand, with the increase of the pressure, the mean free path of ionized electrons is decreased, and so is their kinetic energy. Therefore the electric potential drop of the sheath between the plasma and the substrate is decreased. The electric potential drop of the plasma sheath is expressed by [21] where V is the electric potential drop of the plasma sheath; k is the Boltzmann's constant; T e is the electron temperature; c e is the mean speed of the electron and m i and m e are the mass of the ion and the mass of the electron, respectively. The kinetic energy (E t ) of the bombarding ions is the sum of the initial kinetic energy (E 0 ) of ions entering the plasma sheath and the acquired acceleration energy expressed by the product of the electric charge of the ion (e i ) and the electric potential drop of the plasma sheath ( V ). The equation is shown below:
With the increase of the pressure, both the initial kinetic energy of ions and the acquired acceleration energy are decreased. So the kinetic energy of the bombarding ions is decreased, which leads to the lower speed of etching. In summary, the combination of increasing speed of deposition and decreasing speed of etching produces as-grown CNTs that are longer and with a higher density.
The effect of precursor gas ratio on the growth of CNTs
In this part of the experiment, the growth temperature was kept at 600
• C and the pressure was 30 Torr. The flow rate of C 2 H 2 over NH 3 was set as 15/150, 30/150, 50/150, and 75/150 (sccm units). Figures 6(a)-(d) are the SEM images to show the growth of the CNTs at different gas ratios. The relation between the density and length of the CNTs and the precursor gases ratios is obvious. The best growth of CNTs with the longest length and highest density is found with the smallest gas ratio of C 2 H 2 over NH 3 , which is 15/150. With the increase of this ratio, the growth becomes worse. Due to the limit of the flow rate controller, 15 sccm is the lowest flow speed.
To test the quality of the CNTs under different precursor gas ratios, Raman spectra were taken for the different samples, as shown in figure 7 . The spectra show two peaks centered at 1350 (the D band) and 1598 (the G band). The welldefined shape of the G band points to the well-defined graphene morphology of the CNTs; the formation of D band is due to the amorphous carbon. As the ratio of C 2 H 2 over NH 3 is decreased, the shapes of both peaks become sharper and the intensities become stronger. Therefore, we can conclude that the decrease in the ratio of C 2 H 2 over NH 3 and NH 3 radicals. When the gas ratio of NH 3 is decreased, the amorphous carbon formed on the surface of the catalyst islands will not be etched away. The amorphous carbon is like a barrier layer between the catalyst and reaction gases which will block the entrance of new carbon atoms into the catalyst islands to form a eutectoid. The growth of carbon nanotubes stops and more amorphous carbon forms instead of a graphene layer.
The morphology and the structure of CNTs
In this study, 600
• C is the lowest growth temperature explored. The optimized growth pressure and gas ratio (values in sccm) of C 2 H 2 over NH 3 are 30 Torr and 15/150. As shown in figure 8(a) , the whole surface is covered by a high density and thick CNT film. At this resolution the diameters of the CNTs look uniform. Figure 8(b) is the cross-sectional view of the same film. The inset shows the same film at a low magnification. The CNTs are roughly vertically aligned to the surface and the height of the CNT film is about 1.2 μm. Modifications of catalyst and plasma pressure optimization have been done to improve the alignment and uniformity of as-grown CNTs. Further results will be reported soon.
To find the value of the diameter and the inner structure of the CNTs, high resolution transmission electron microscope (HRTEM) was used to image the CNT sample. The substrate with CNT film was scratched by the TEM copper grid. The CNTs were caught by the grid. Figures 9(a) and (b) are HRTEM images of the CNTs. The images show that most CNTs have two to six wall layers. Figure 9(c) is the histogram graph of the diameter distribution of the measured CNTs. The diameter is consistently in the range of 3-6 nm. There are no bamboo-like or stacked-cone structures found which are common for PECVD-grown CNTs [18, 22] . The uniformity of the diameters of the as-grown CNTs remains the same for varied experimental parameters which include growth temperature, pressure and gas ratios. The reason is because the size of the iron-containing catalyst clusters and the spacing between the catalyst clusters are predefined by the block lengths. The catalysts of the iron nanoclusters are mixed with silicon oxide to prevent agglomeration before and during the growth. Additionally, the consistency between the diameter of the catalyst cluster and the CNTs indicates that the plasma during the growth will not change the diameter of the catalyst cluster or deteriorate the performance of the catalyst, which shows the compatibility of this kind of catalyst and MPECVD method.
From figure 8(b) , the distance between each nanotube is estimated to be about 100 nm, giving a CNT density of around 100 μm −2 . This means that not every catalyst cluster is able to produce a CNT since the distance between each Fe 2 O 3 cluster evolved from the PFEMS in PS matrix is around 50 nm. It is estimated that almost 50% of the catalyst was not activated. Therefore tuning the growth condition will be required to further improve the yield. Nevertheless, the results indicated that by tailoring the catalyst size and density by adjusting the block lengths and tuning the growth conditions, vertical CNT arrays with predefined diameter and density are possible to be fabricated by MPECVD.
Conclusions
This is the first time that low temperature growth of upright CNTs using catalyst nanoclusters derived from polystyreneblock-polyferrocenylethylmethylsilane (PS-b-PFEMS) under MPECVD conditions has been demonstrated. The presence of SiO 2 prevents the agglomeration of iron nanoclusters at the growth temperature. Few-walled CNTs with narrow diameter distribution have been produced reproducibly on Si substrates both with and without a 0.4 μm layer of SiO 2 and on highly doped Si substrates. The density of the as-grown CNTs is about 100 μm −2 . SEM images of the catalyst nanoclusters and HRTEM images of the as-grown CNTs show the consistency between the diameter of the catalyst nanoclusters and the CNTs. By tailoring the catalyst size and density by adjusting the block lengths and tuning the growth conditions, vertical CNT arrays with predefined diameter and density are possible to be fabricated by MPECVD.
